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Simulating fully resolved Horizontal Axis Tidal Turbine (HATT) geometry for a time period great enough
to resolve a fully developed wake, and accurately predict power and thrust characteristics, is compu-
tationally very expensive. The BEM-CFD method is an enhanced actuator disk and is able to reduce the
computational cost by simulating a time averaged downstream velocity ﬁeld. Current implementations
fall short of accurately determining tip losses, which are a function of the hydrofoil geometry. This work
proposes a method of addressing this shortfall by modifying the angle of attack to conform to the
constraints outlined in Prandtl's lifting line theory, i.e. the zero lift angle of attack at the hydrofoil tip. The
revised model is compared to existing BEM-CFD methods and validated against experimental data. The
revised BEM-CFD method presented in this work shows a signiﬁcant improvement over previous BEM-
CFD methods when predicting power and thrust. The coefﬁcient of power is reduced from 0.57 (approx.
30% above experiment) to 0.44 (approx. 3% above experiment). An increase in turbulence intensity in the
rotor region, in particular at the wake boundary, improves the recovery of the wake without the addition
of empirical turbulence source terms. Good correlation with experimental results for power, thrust and
wake prediction, is observed. The model may also be applied to wind turbines.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Tidal stream renewable energy is becoming an increasingly
viable source of energy production, as knowledge and technology
in this sector develops. Tidal stream power generation has emerged
in recent years as a potentially reliable form of renewable energy
due to the predictability of tidal periods and magnitudes [1]. While
many tidal sites across the world are being identiﬁed with
economically attractive levels of energy extraction, the UK is of
particular interest due to the high concentration of available
resource [2]. To meet the growing requirements of this sector, in-
vestment in improving current tidal stream power extraction
knowledge and technology is necessary. This can be achieved
through the study of practical experiment, or numerical and
analytical modelling [3e5].
Although laboratory experiments cannot truly mimic complex
offshore conditions, they are very convenient due to signiﬁcantly
lower costs compared to offshore deployments. Laboratorymunds).
r Ltd. This is an open access articleexperiments provide a platform for collecting accurate and
repeatable data. In contrast, Computational Fluid Dynamics (CFD)
modelling has the potential to simulate the effect on environmental
conditions at signiﬁcantly lower cost compared to offshore
deployments.
To address this a number of Blade Element Momentum Theory
(BEMT) techniques, originally derived from Glauert's propeller
theory [6], have been introduced. BEMT [6,7] is an analytical
approach which uses tabulated aerofoil data to perform analysis.
This technique is extensively used in the wind industry due to the
simplicity of the model, and the agreement of its results with
measured data [8]. The BEMT model has also successfully been
applied to Horizontal Axis Tidal Turbines (HATTs). A typical HATT
may see several complex ﬂow scenarios throughout its operational
range and therefore, a number of empirical corrections have been
developed to better correlate the BEMT model with experimental
results [9]. These include corrections for yawed rotors, hub losses,
tip losses, and heavily loaded rotors.
A signiﬁcant limitation of the BEMT method is the inability to
simulate the local velocity ﬁeld, and thus perform analysis on the
downstream wake characteristics. Where this is required, alterna-
tivemodellingmethods need to be employed. One alternative is theunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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geometry. However simulating fully resolved HATT geometry for a
time period great enough to resolve a fully developed wake, and
accurately predict power and thrust characteristics [10], is
computationally very expensive [11].
An alternative to the transient fully resolved geometry of a HATT
is the steady state, or time averaged, Blade Element Momentum
CFD (BEM-CFD) computational model [12e14]. This model com-
bines elements of BEMTwith CFD simulation techniques to resolves
the hydrofoil's effect on the ﬂow in a steady state simulation. This
technique signiﬁcantly reduces the computational cost of simu-
lating HATTs. The advantage of the BEM-CFD method is the pre-
diction of a time averaged downstream velocity ﬁeld, in particular
the downstream wake.
Although the current BEM-CFD methods can predict the power
and thrust available at the turbine, recent comparisons with
experimental data [15,16] highlight the need for further investi-
gation into the accuracy of this type of model. Of particular interest
is the assumption that correction factors applied to the BEMT
analytical model, as discussed in Ref. [9], are directly transferable to
the BEM-CFD numerical model.
In the case of a three dimensional ﬁnite hydrofoil geometry,
pressure differences between the upper and lower surfaces induce
ﬂow spillage at the tip. In turn this motion generates the tip vortices
as described in Ref. [6]. This spillage has a knock on effect across the
full span of the hydrofoil, and thus reduces its efﬁciency with the
greatest losses towards the tip. The BEM-CFD model averages the
effect of a hydrofoil over a complete rotation, therefore there is no
upper and lower surface to propagate the ﬂow resulting from a
pressure difference. In Ref. [16] the authors reasoned similarly and
thus added the Prandtl tip loss factor to the momentum source
terms of the BEM-CFD model. They then compared the power and
thrust coefﬁcients to experimental results published in Ref. [17].
In classical BEMT implementation the model correction factors
are applied directly to the axial and tangential induction factors, as
demonstrated by Ref. [9]. From this the forces acting on the hy-
drofoil are computed. In the case of the Prandtl tip loss factor, the
effective force on the hydrofoil is reduced towards the tip. If this is
applied to BEM-CFD in the sameway, as in Ref. [16], the effect of the
hydrofoil on the ﬂow is reduced. If the annular stream tubes close
to the tip are considered in detail, the implementation of a tip loss
as reduction in reactive force from the hydrofoil allows the ﬂuid to
pass the hydrofoil with little momentum change. Although this is
not an issue for BEMT as the velocity ﬁeld is not simulated, this is a
signiﬁcant issue for the BEM-CFD method as accurate results are
dependant on the correct ﬂow characteristics in this area.
To address these challenges, this work introduces and in-
vestigates the effectiveness of a revised BEM-CFD model based on
elements of Prandtl's analytical lifting line theory as deﬁned in
Ref. [6]. This work proposes modifying the angle of attack, and thus
the distribution of downwash across the hydrofoil, as a result of the
tip constraints outlined in Prandtl's lifting line theory, i.e. the zero
lift angle of attack at the hydrofoil tip. The revised model is
compared to existing BEM-CFD methods and validated against
experimental data. The revised BEM-CFD method presented in this
work shows a signiﬁcant improvement over previous BEM-CFD
methods when predicting power and thrust. This approach deals
appropriately with the tip losses encountered with a hydrofoil of
ﬁnite length, and signiﬁcantly improves the formation of the local
velocity ﬁeld. The revised BEM-CFD model is compared to; the
classical BEMT method, the BEM-CFD with Prandtl tip loss applied
directly to the momentum source terms, and experimental data.
This paper introduces the revised model in Section 2, deﬁnes a
case study in Section 3, discusses the comparative results in Section
3.4, forms conclusions in Section 4, and ﬁnally highlights thepotential future work in Section 5.2. The numerical model
This section introduces the revised numerical model for pre-
dicting the performance of HATTs (Horizontal Axis Tidal Turbines).
The model is a hybrid analytical, BEM, and CFD computational
model. First is a short discussion of the CFD process, governing
equations and turbulence models (Section 2.1). The following sec-
tion revisits the standard BEM-CFD approach (Section 2.2), as
described by Ref. [14]. Following this a description of the revised
model for improving the prediction of potential power and thrust
generation (Section 2.3) is provided.2.1. CFD and the governing equations
CFD simulations are conducted using Physica, a framework for
multi-physics Computational Fluid Dynamics and Computational
Solid Mechanics [18]. Linking the CFD ﬂow domain to the BEM
model is achieved by additional source terms included within the
conservation of momentum equations of the Physica ﬁnite volume
solver. The solver uses steady state Reynolds averaged incom-
pressible Navier-Stokes equations with a range of turbulencemodel
options including K-Epsilon, K-Epsilon RNG, and K-Omega. Physica
has been developed by Ref. [19]. An alternate implementation has
also been developed in OpenFOAM [20].
The CFD model requires the solution of the Navier Stokes
equations representing the conservation of mass and momentum.
These equations are expressed as follows:
V,ðr v!Þ ¼ 0 (1)
V,ðr v!viÞ ¼ 
vp
vxi
þ V,ð½ml þ mt Vvi Þ þ Si (2)
where r is the density, v! is the velocity vector, vi is the ith
component of the velocity vector, ml and mt are the laminar and
turbulent dynamic viscosities respectively, and Si includes an
additional source representing the moving rotor.
A widely used method for simulating the effect of turbulence on
the mean ﬂow, at the sub grid level, is the k-ε turbulence model
[21]. Although this model is relatively simple, stable, and requires
modest computational cost, it is limited by the single length scale
used to calculate the viscous properties of the turbulent ﬂuctua-
tions. Diffusion, as a result of the turbulent ﬂuctuations, does not
occur at just one length scale. The k-ε RNG model [22] tries to
address this issue by utilising statistical analysis to describe the set
of turbulent length scales. Although these models regard turbu-
lence as being isotropic in nature, in rotational ﬂow, such as found
in turbine wakes, the turbulent eddies are likely anisotropic. Higher
order models, which include the Reynolds stress model or large
eddy simulation, can better predict the turbulent ﬂow character-
istics. These models, however, require greater computational
expense.
In this work the focus on performance of turbine rotors, rather
than ﬂow structures of the highly turbulent near wake region
immediately downstream of the device, justiﬁes the use of the k-ε
RNG model. In this model two equations are solved; k represents
the energy contained within the turbulent ﬂuctuations, and ε
represents the dissipation rate of this energy. The equations for the
transport of these variables are similar in form to the momentum
equations:
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
ml þ
mt
sk

Vk

þ mtG rε (3)
V,ðr v!εÞ ¼ V,

ml þ
mt
sε

Vε

þ C1εmtG
ε
k
 C2ε
 
Cmh3½1 h=h0
1þ bh3
!
(4)
where:
h ¼
ﬃﬃﬃ
G
p k
ε
(5)
These equations are used to calculate a turbulent viscosity:
mt ¼
rCmk2
ε
(6)
In Equations (3), (4) and (6); sk, sε, C1ε, C2ε, Cm, b, and h0 are taken
to be constants, and G represents the turbulent generation rate. The
viscosity components of the k and ε equation diffusion terms, are
effectively the sum of the laminar and turbulent viscosities.
2.2. The BEM-CFD method
Fluid ﬂowing over the surface of a body has a force exerted on it.
Of interest, when describing hydrofoils, are the lift and drag com-
ponents of this force, see Fig. 1. Lift is deﬁned as a force perpen-
dicular to the free stream ﬂow direction. Drag is deﬁned as being
parallel to, and opposing, the free stream ﬂow direction. These
hydrodynamic forces can be described by the following equations:
FL ¼ 0:5r v!2ACL (7)
FD ¼ 0:5r v!2ACD (8)
where FL is lift force, and FD is drag force, r is ﬂuid density, v! is
velocity, A is area, CL is the coefﬁcient of lift, and CD is the coefﬁcient
of drag. The coefﬁcients of lift and drag are dependant on the angle
of attack, a, the geometric properties of the hydrofoil, and the
Reynolds Number. Data for awide range of proﬁles is available from
a number of sources including [23]. The chord and twist geometric
properties, in combination with the proﬁle CL and CD characteris-
tics, are a function of the overall rotor design/performanceFig. 1. Blade element method rrequirements.
The inﬂuence of a tidal turbine with multiple hydrofoils (or
blades) is averaged over a rotational interval, i.e. the rotor applies
the same force to all locations at the same radial distance from the
rotor centre on a given axial plane. The magnitude of these forces
are a function of the hydrofoil geometry, its hydrodynamic prop-
erties, the quantity of hydrofoils, and their speed relative to the
ﬂow.
The BEM-CFD model is formulated such that the relevant char-
acteristics of the hydrofoil are introduced through additional
source terms appended to themomentum equation, see Section 2.1.
Due to the Reynolds averaged nature of the solution, transient ﬂow
features caused by the hydrofoil position fail to be resolved. These
include tip vortices, the laminar to turbulent transition across the
hydrofoil surface, ﬂow separation, and turbulence generation along
the downstream part of the hydrofoil.
Fig. 1 shows how a turbine with three hydrofoils is discretised
for use with the blade element method. The hydrofoil properties
are determined at radius ri, and then averaged over 2p radians. This
process is repeated for each hydrofoil element over the interval
[r0,rmax].
The ﬂuid applies axial and tangential forces to each element as
illustrated in Fig. 1. Here FT is the tangential force and FA represents
the axial force. The lift and drag forces, FL and FD respectively, are
dependent on the effective angle of attack ae. This is the angle
between the hydrofoil element and the resultant velocity v!r.
Based on the approach in Ref. [7], an axial force on a hydrofoil
can be deﬁned as follows:
FA ¼ FLsinfþ FDcosf (9)
and the tangential force on a hydrofoil can be deﬁned as:
FT ¼ FLcosf FDsinf (10)
where f is the ﬂow inclination angle deﬁned by:
f ¼ tan1ðður  vtÞ=vaÞ (11)
Here vt and va are the tangential and axial velocities respectively,
and u is angular velocity [rad/s]. The variation in lift force dFL, and
drag force dFD, acting along the hydrofoil radius are given as
follows:otor discretisation scheme.
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 v!r2CLcdr (12)
dFD ¼ 0:5r
 v!r2CDcdr (13)
where CL and CD are the lift and drag coefﬁcients respectively, c is
the chord length, and: v!r2 ¼ v2a þ ður  vtÞ2 (14)
Substituting Equations (12) and (13) into Equations (9) and (10)
gives the following:
Sa ¼ dFA
¼ 0:5r
 v!r2cdrðCLsinfþ CDcosfÞ (15)
St ¼ dFT
¼ 0:5r
 v!r2cdrðCLcosf CDsinfÞ (16)
which, when resolved to Cartesian components and converted to
force per volume, are combined with the momentum equation
(Section 2.1 Equation (2)) as the source term Si.
2.3. The analytical augmentation of BEM-CFD
In Section 2.2 it is noted that the ﬂow features associated with a
transient CFD simulation of fully resolved hydrofoil geometry, are
not present in a steady state BEM-CFD simulation. One particular
characteristic of interest is the vortex generated at the hydrofoil tip.
The vortex is the result of pressure differentials between the upper
and lower surfaces of the hydrofoil. The difference in pressure en-
courages ﬂow to pass from the lower surface to the upper around
the hydrofoil tip. This motion, combined with the oncoming free
stream ﬂow, generates the trailing tip vortex.
The trailing vortex structures emanating from the tip of the
hydrofoil have a negative impact on overall lift efﬁciency. This is
due to the velocity direction not remaining planar to the hydrofoil
proﬁle, i.e. it is propagating towards the tip. Another observed ef-
fect is the change in angle of attack relative to an idealised inﬁnitely
long 2D hydrofoil. Ref. [6] states that the angle of attack is reduced
to the zero lift condition at the tip of a wing (or hydrofoil), and also
describes the distribution of this change in angle of attack along the
length of a wing (or hydrofoil). This section starts with a summary
of the analytical approach for estimating this effect, and then fol-
lowswith a description of the revisedmodel for capturing the effect
of efﬁciency loss due to the generation of trailing tip vortices.
2.3.1. Downwash, induced angle of attack, and Prandtl's classical
lifting line theory
The ﬁeld of aerodynamics describes the lift force on a wing as
the result of a pressure differential between the lower and upper
wing surfaces. The associated difference in ﬂow speed above and
below the wing section can be characterised as circulation (or
vorticity). The net effect of the induced circulation is to deﬂect the
airﬂow in a downward direction. This downward deﬂection is
known as downwash.
Circulation theory, see Ref. [24], states that the lift force of a
wing of constant section and unit span is calculated thus:
FL ¼ r∞v∞G (17)
where r∞ is free stream density, v∞ is free stream velocitymagnitude, and G is circulation. The downward velocity induced by
the circulation is deﬁned as:
w ¼ G=ð2phÞ (18)
where w is the downwash velocity magnitude at a given distance h
from the centre of vorticity rotation.
Fig. 2 shows the geometric angle of attack a is made up of two
components. The induced angle of attack, ai, quantiﬁes the angle of
downward deﬂection as a result of the induced downwash. The
induced angle of attack can be computed thus:
ai ¼ tan1w=v∞ (19)
The following relationship deﬁnes the effective angle of attack
ae:
ae ¼ a ai (20)
The subject of wing tip vortices is described by Refs. [6,24]. The
vortices are essentially weak tornadoes that trail downstream of
the ﬁnite wing. These wing tip vortices downstream of the wing
induce an additional small downward component of air velocity in
the neighbourhood of the wing itself. This additional downward
component, or additional downwash, varies across the full span of a
ﬁnite wing. Prandtl's classical lifting line theory, as detailed in
Ref. [6], describes this phenomena in terms of an inﬁnite number of
horseshoe vortices distributed across the wing span, compounded
towards the root of the span. This gives rise to the notion of a
trailing vortex sheet.
The spanwise component of the velocity vector on the upper
surface is directed from tip to hub, and the opposite direction (from
the hub to tip) on the lower surface. The physical effect of the
resultant shear at the trailing edge is the development of a trailing
vortex sheet that contains vorticity. The theory states that for a
ﬁnite wing, ae at the wing tip is constrained as the angle of attack at
which FL ¼ 0, or aFL¼0. This then inﬂuences the distribution of
downwash across the span. The theory demonstrates methods for
calculating the span wise distribution based on the geometric
properties of the wing. Ref. [24] discusses a generalised elliptical
distribution, derived from an elliptical wing planform, that is a
reasonable approximation for the commonly used tapered wing
planform. In summary, the distribution of vortex induced down-
wash takes an elliptical form from root to tip, with the tip constraint
of aFL¼0.2.3.2. Application of lifting line theory to BEM-CFD
From Equation (11) the ﬂow inclination angle is computed
relative to the free stream ﬂow direction, which when subtracted
from the hydrofoil twist angle gives the effective angle of attack, see
Figs. 1 and 2. The tangential component of this equation includes
both the geometric (ur) and deﬂection (vt) quantities. Hereur is the
rotational velocity at the given radius and calculated from the Tip
Speed Ratio (TSR) [8] of the rotor, and vt is the tangential velocity of
the deﬂection relative to the free streamvelocity direction, which is
solved numerically. The angle between these two components is
known as the induced angle of attack ai or downwash angle, see
Fig. 2. However the current BEM-CFDmodel, due to the steady state
disc averaged nature of the method, considers the hydrofoil rep-
resentation as an inﬁnite two dimensional representation. Thus the
additional downwash induced by the presence of tip vortices is not
captured.
The BEMT method for predicting turbines encapsulates this
same phenomena with the tangential induction factor (commonly
represented by a' or b). The tangential induction factor represents
the deﬂection (or downwash) of the ﬂow. With the BEMT theory,
Fig. 2. This diagram highlights the components required to deﬁne the induced angle of attack ai.
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use of the Prandtl tip loss factor, see Refs. [9,16]. The tip loss factor is
applied to the induction factors effectively reducing the transfer of
force to the hydrofoil towards the tip. This method works well for
BEMTas the velocity ﬁeld itself is not computed. However for BEM-
CFD, reducing the transfer of momentum from the ﬂuid to the
hydrofoil also reduces the deﬂection of the ﬂow towards the tip of
the hydrofoil. This scenario is not a good ﬁt for the established ef-
fect on the ﬂow ﬁeld in this region, and thus produces a poor
correction to the current BEM-CFD model to account for tip losses.
The effect of the Prandtl tip loss correction applied to BEM-CFD, is
very well described in the work by Ref. [16].
To better account for the effect of tip vortices on the ﬂow ﬁeld,
Prandtl's classical lifting line theory is drawn upon to compute an
additional source term which represents the additional downwash
caused by the tip vortices. This is achieved by computing the
additional downwash velocity, w!a, required to change the currently
computed ae to equal aFL¼0. The inﬂuence of w
!
a is thenweighted by
the elliptical distribution function E(r). E(r)2[0,…,1] is an elliptical
functionwhich returns a value between zero (at the tip) and one (at
the root) for a given radius r (or span wise distance from the root).
The resultant downwash velocity is then used to compute an
additional reactive force:
Sv ¼ dFv
¼ 0:5r
w!a2cdr (21)
where dFv is the additional downwash force required to achieve the
ﬂow deﬂection so that w!a is correct at the trailing edge. This is
implemented through Sv, the additional source term which, when
resolved to Cartesian components and converted to force per vol-
ume, is combined with themomentum equation (Section 2.1), as an
addition to the source term Si.
The source term Si is a three tuple representing the change in
kinetic energy per unit volume (or dynamic pressure) in Cartesian
space i.e. p/xi in Cartesian coordinates [18]. The scalar terms Sa
and St are the magnitudes of kinetic energy per unit volume in the
axial and tangential directions. In addition the source term Sv
represents the additional downwash force. The source term Si is
computed thus:Si ¼ Sa bva i þ St bvt i þ Svcvwi (22)
where bva is the axial unit vector, bvt is the tangential unit vector, andcvw is the unit vector normal to aFL¼0, residing on the plane deﬁned
by bva and bvt .
The application of this method is restricted to horizontal axis
tidal turbines with open ended hydrofoils, i.e. a turbine design
which does not incorporate an outer ring, or ducting. The elliptical
lift distribution is an approximation for tapered hydrofoils, thus use
of this method on hydrofoils which move away from the tapered
concept are likely subject to increased simulation error. The
important points to consider when using this method is the
determination of the correct angle of attack at zero lift condition for
the desired hydrofoil geometry, and correctly determined Reynolds
numbers and related lift and drag coefﬁcients to better represent
the hydrofoils.
2.4. Power, thrust, and turbulence measures
This subsection describes the power coefﬁcient CP, thrust coef-
ﬁcient CT and turbulence intensity Ti measures used in the
remainder of this work. The rotor assembly thrust correction
computation, used to correct the experimental assembly thrust
data, is also deﬁned here.
2.4.1. Power coefﬁcient
The power coefﬁcient CP is deﬁned as the ratio of power
extracted by the rotor hydrofoils, and the maximum available po-
wer from ﬂow. To obtain a representative assessment of the
incoming ﬂow to the turbine, the ﬂow region is sampled two di-
ameters upstream. The area used to ﬁnd the average velocity at this
location is equivalent to the swept area of the rotor. This technique
captures any velocity gradients which may be present in the water
column. The power coefﬁcient is represented by:
CP ¼
P
0:5r
 v!3A (23)
where A is the area of the incoming ﬂow, j v!j is the disk averaged
velocity magnitude sampled two diameters upstream of the rotor,
and P is power deﬁned as:
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Z
0
R
udTq (24)
Here u is angular velocity, and Tq is torque deﬁned as:
Tq ¼
Z
0
R
rdFT (25)
where r is radius, and FT is tangential force.
2.4.2. Thrust coefﬁcient
The thrust coefﬁcient CT is deﬁned as the axial force acting upon
the turbine as compared to the kinetic energy of the incoming ﬂow.
This can be represented by:
CT ¼
FA
0:5r
 v!2A (26)
where FA is axial force.
2.4.3. Thrust correction computation
The thrust force measured in the experimental results [25]
actually includes the axial force on the whole structure, i.e. the
hydrofoils, the nacelle, and the mast. However, Equation (9) only
considers the thrust on the hydrofoils. To correct for this an
approximation of the thrust force is calculated, and then added to
Th. This revised value can then be used to calculate an approxi-
mation of the experimental thrust coefﬁcient CTe :
CTe ¼
FA þ Fm
0:5r
 v!2A (27)
where Fm is the nacelle and mast axial force, and FA þ Fm is the total
axial force acting on the complete rotor assembly. Fm is the simple
addition of drag forces where the mast is represented as a cylinder
with CD ¼ 1.17 and the nacelle represented as a bullet with
CD ¼ 0.295.
2.4.4. Turbulence measures
The turbulence in the experimental study by Ref. [25] is char-
acterised by the use of the turbulence intensity measure. Turbu-
lence intensity (Ti) is the ratio of root mean square turbulent
velocity ﬂuctuations over the mean velocity:
Ti ¼
 v!0
j v!j (28)
where j v!j is the mean velocity, and  v!0 is the root mean square
turbulent velocity ﬂuctuations: v!
0 ¼
ﬃﬃﬃﬃﬃﬃ
2
3
k
r
(29)
where k is the turbulent kinetic energy.
3. Case study: IFREMER tidal turbine experiments
Studies by Refs. [17,26] evaluate the performance of tidal tur-
bines, while investigations by Refs. [9,14e16,27] validate numerical
or analytical models with experimental results. The work byRef. [25] is of particular interest for the validation of the revised
BEM-CFD model.
In this research the experimental work of [25] for a single tidal
turbine is compared with various implementations of BEM-CFD. In
the following subsections the computational domain and boundary
conditions are described, and a mesh sensitivity study is presented.
In the results subsection comparisons of; the original BEM-CFD
model, the BEM-CFD model with Prandtl tip loss factor, the
revised BEM-CFD model described in Section 2, the BEMT model
presented by Ref. [9], and the Ref. [25] experimental results, are
evaluated with respect to performance and near wake
characteristics.
3.1. Geometries
The geometry of the ﬂume is represented using a cuboid
computational domain. The domain is 18 m in length (x-axis), and
represents the main section of the ﬂume, as illustrated in Fig. 3. The
domain depth is 2 m (z-axis), while the width is 4 m (y-axis), as
illustrated in Fig. 4. The rotor is located in the centre of this domain
(location 0,0,0), with the nacelle trailing downstream, as illustrated
in Fig. 5.
Figs. 5 and 3 show the layout of the nacelle and the blade box
area which is utilised by the BEM-CFD code. The blade box repre-
sents a rotor of 0.7m in diameter,with the thickness of the blade box
ﬁxed at 0.04 m. Comparative work considering the inclusion vs.
exclusion of a mast structure within the ﬂow is studied in Ref. [28].
With this in mind, and due to the increase in mesh complexity and
computational cost, this feature has not been included in themodel.
3.2. Boundary conditions
In all the test cases presented in this paper a plug ﬂow inlet
velocity condition of 0.8 m/s or 1.2 m/s in the x-axis direction is
imposed; this best reﬂects the inﬂow condition of the experiment
in Ref. [25]. A reference pressure of 0 Pa is imposed on the outﬂow
boundary. The dynamic pressure ﬁeld is calculated relative to this
condition. No-slip boundary conditions are applied to the turbine
nacelle, to the base, and to the side walls of the channel. An initial
wall cell height of 0.005 m provides a non-dimensional wall dis-
tance for a wall-bounded ﬂow, i.e. yþ, of 100 and 125 for velocities
of 1.2 m/s and 0.8 m/s respectively. An initial wall cell height of
0.002 for the nacelle provides a yþ of 73. The boundary layers are
fully developed within 2 m of the inlet and are propagated
downstream. A symmetry boundary condition is imposed at the top
of the domain, simulating open water conditions. In the mesh in-
dependence studies the turbine is operating close to an optimal
design TSR of 4.5 based on the local velocity at the rotor.
3.3. Mesh sensitivity study
The sensitivity of results relative to change in mesh density is an
important study. From a computational cost point of view, a
reduction in the density of the mesh improves the computational
cost and thus time. Conversely, an increase in density can assure
mesh independent results particularly in regions of complex ﬂow
behaviour. The use of a coupled BEM-CFD model requires a region
to be deﬁned in the mesh that is detailed enough to support rep-
resentation of time averaged rotor characteristics. The downstream
wake structure is also complex in nature, and thus needs to be
treated similarly.
For this case study the required mesh structures are generated
utilising blocking techniques. To achieve the required densities
through the domain, and adequately capture the rotor and wake
region, the domain is divided into a set of subdomains labelled A to
Fig. 3. This ﬁgure highlights the zones of different mesh densities speciﬁed in the x direction. Three zones are shown where; zone A is upstream, B is the bladebox zone, and C is
downstream. Zone B is further subdivided into 8 subzones [B1, …,B8] identiﬁed in the lower schematic.
Fig. 4. This image shows the inﬂow boundary of the single turbine domain. The central area is formed from an O-Grid constrained by radial curves which provide control for
differing densities at different radii.
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divided, and labelled B1 to B8. An O-grid structure is then deﬁned,
which runs the length of the domain capturing the rotor, and
approximating the area of the wake, as illustrated in Fig. 4.
Densities are deﬁned for each of the zones, A to C, with reference
to the x-axis. The y-axis and z-axis densities are a function of the O-
grid parameters, as illustrated in Fig. 4. Table 1 deﬁnes the range of
densities for each of the zones along the x-axis, the parameters for
the O-grid, and the number of elements contained within each of
the mesh deﬁnitions.
The ﬁrst attributes of interest are the coefﬁcients with respect to
the rotor operation and power extraction. The coefﬁcients of power
CP, and axial thrust CT are measures of the efﬁciency of power
extraction from thewater. Deﬁnitions for these terms are presented
in Section 2.4. Stabilisation or convergence of the coefﬁcients oc-
curs at approximately 3000 iterations. It can be seen in Fig. 6 thatthe coefﬁcients tend to stabilise around mesh density number 2,
and remain consistent thereafter.
The velocity variation resulting from changes in mesh density is
the next attribute considered. Fig. 6 illustrates velocities at seven
locations within the domain. These locations are detailed in Table 2.
The velocity ﬁeld resolves from approximately 18,000 iterations for
mesh number 1 to 25,000 iterations for mesh number 5. The ve-
locities at the speciﬁed locations can be seen to stabilise around
mesh density number 3, and then remain consistent.
The results of the mesh independence study demonstrate mesh
independent results for the velocity ﬁeld from mesh 3 onwards.
However, for accurate representation of the rotor coefﬁcients, in-
dependence is reached from mesh 2 onwards. From this study the
parameters of mesh 3 produce results which are considered reliably
independent. Therefore, the results presented in Section 3.4 have
been obtained using mesh 3.
Fig. 5. This schematic shows a side view of the rotor conﬁguration. The nacelle is
geometrically modelled whereas the blade area (subzone B4 in Fig. 3) is constrained
with a dense mesh to support the BEM-CFD model.
Table 1
This table deﬁnes the number of elements in the x-axis direction for zones A to C, as deﬁned in Fig. 3, and the number of elements along the edges D1 to F3, as deﬁned in Fig. 4.
For each mesh the total quantity of elements is included.
Mesh no. A B1 B2 B3 B4 B5 B6 B7 B8 C D1 D2 D3 E1 E2 E3 F1 F2 F3 Qty. Elements
1 80 6 9 3 8 33 33 5 19 191 11 13 23 2 8 14 2 14 1 1,258,764
2 90 7 10 4 9 37 37 6 21 215 12 14 25 3 9 16 3 16 1 1,805,715
3 100 8 11 5 10 41 41 7 23 239 13 15 27 4 10 18 4 18 1 2,418,624
4 110 9 12 6 11 45 45 8 25 243 14 16 29 5 11 20 5 20 1 3,987,176
5 120 10 13 7 12 49 49 9 27 287 15 17 31 6 12 22 6 22 1 5,153,080
Fig. 6. Coefﬁcients of power and thrust plotted against mesh number from coarsest to ﬁnest. Velocity at a number of locations speciﬁed in Table 2, plotted against mesh number
from coarsest to ﬁnest.
Table 2
This table deﬁnes the location of the samples used for the mesh study.
Axis Loc 1 Loc 2 Loc 3 Loc 4 Loc 5 Loc 6 Loc 7
x 0.0 8.5 2.0 5.0 0.3 3.5 0.4
y 0.075 0.0 0.0 0.3 0.3 0.0 0.075
z 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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3.4.1. Comparison of predicted CP and CT with experiment
The CP and CT results used as the benchmark for this study [25]
are taken at a ﬂow speed of 1.2 m/s, with a background Ti of 3%,measured at the rotor centre (with rotor removed). These results
are labelled ’Experiment’ in Fig. 7.
The BEMT technique is extensively used in industry in part due
to the agreement of its results with measured data. The BEMT
implementation described in Ref. [9] is used to create comparative
data for this study. When comparing the BEMT method to experi-
ment we can see a strong correlation with CP. The under prediction
observed by this method is a result of the blockage effect not
simulated with the BEMT approach. The blockage effect, caused by
the ﬁnite dimensions of the ﬂume cross section, has the conse-
quence of forcing additional ﬂow through the rotor thus artiﬁcially
raising performance. The blockage ratio for this study is approxi-
mately 4.8%. An interesting observation of this comparison, is the
smaller than expected difference the blockage effect has in this case
study.
In contrast to the BEMT results, the original BEM-CFD methodused in Ref. [14] shows a signiﬁcant over prediction of CP above TSR
2.5. These results are supported with comparative work by Ref. [15]
who see similar trends with a standard BEM-CFD model. The BEM-
CFD model using the Prandtl tip loss factor, as implemented in
Ref. [16], shows a general reduction in prediction of CP compared to
the original BEM-CFD model. However, the trends observed are not
in line with the experimental results indicating that it may not be
appropriate to use the Prandtl tip loss factor with the BEM-CFD
method. The results obtained using the revised BEM-CFD method
(as described in Section 2) are also presented in Fig. 7. A close
correlation between predicted and experimental values for CP is
observed for this method.
It is observed that the predictions of CT obtained from the
different models, are lower than the experimental values,
Fig. 7. A comparison of predicted CP and CT with experimental results for a range of TSR's. Flow speed is 1.2 m/s, and background turbulence intensity is 3%.
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experimental thrust results are derived from a 6 component load
cell located between the assembly mast and rig. As a result of this,
the experimental CT includes the axial force on the whole structure,
i.e. the hydrofoils, hub and mast.
Corrected revised BEM-CFD CT values, calculated using a very
simpliﬁed representation of the assembly (see Section 2.4.3), areFig. 8. A comparison of the distribution of predicted dCP and dCT from rotor centre to hydr
background turbulence intensity is set at 3%.also presented in Fig. 7 and demonstrate a reasonable correlation
with the experimental data. However, the method of approxima-
tion is likely subject to error due to over simpliﬁcation, and thus the
values should be treated with the appropriate caution. The BEMT CT
data shows a small under prediction compared to the revised BEM-
CFD CT results, however this is due to the BEMT method not
capturing the blockage effects of the ﬂume geometry. The originalofoil tip. The simulations are conducted at a TSR of 3.67, a ﬂow speed of 0.8 m/s, and
Fig. 9. A comparison of the distribution of predicted rotor disk outﬂow angle, from rotor centre to hydrofoil tip. The simulations are conducted at a TSR of 3.67, a ﬂow speed of
0.8 m/s, and background turbulence intensity is set at 3%.
M. Edmunds et al. / Renewable Energy 101 (2017) 67e8176BEM-CFD CT data shows a signiﬁcant over prediction above TSR 2.5
compared to the revised method, while the Prandtl tip loss BEM-
CFD CT data shows a signiﬁcant under prediction across the
whole range.
Fig. 8 shows the distribution of CP and CT along a sample line
from hub centre to a radial location of 0.7 m for the original, Prandtl
tip loss and revised BEM-CFD methods. The distribution trend for
the ﬁrst two thirds of the hydrofoil is similar for the original and
Prandtl tip loss BEM-CFD methods, while the last third differs. The
distribution for the revised method shows a steadily increasing
difference. Both the Prandtl BEM-CFD and the revised BEM-CFD
methods show a reduction in CP and CT as compared with the
original method.
In summary, the revised BEM-CFD method correlates well with
the industry recognised BEMT model for both CP and CT. The
observed differences are due to blockage effects, i.e. BEMT does not
include a method for capturing their effects on performance. The
revised BEM-CFD method also correlates well with the experi-
mental data for both CP and CT, when the mast and nacelle
correction is applied.Fig. 10. A comparison of the distribution of predicted turbulence intensity Ti from rotor cent
s, and background turbulence intensity is set at 3%.3.4.2. Comparison of predicted inclination angle, and turbulence
The previous subsection looked at the distribution of CP and CT
along a sample line from hub centre to a radial location of 0.7 m.
This subsection examines the rotor disk outﬂow angle and the
distribution of turbulence intensity along the same sample line.
Fig. 9 shows the distribution of disc averaged ﬂow inclination
exiting the blade area relative to the rotor disc plane. Both the
original and revised BEM-CFD methods have similar trends, with
the revised method showing a slight increase in angle of inclina-
tion. The Prandtl tip loss method however signiﬁcantly falls toward
zero outﬂow angle in the last third of the hydrofoil.
Fig. 10 highlights an interesting observation of the distribution
of turbulence along the hydrofoil. It can be seen that the Prandtl tip
loss method again doesn't follow the same trend as the original and
revised BEM-CFD methods. Although initially higher than the
original method, the Ti drops off signiﬁcantly towards the hydrofoil
tip. The revised method demonstrates a signiﬁcant increase in Ti
along the hydrofoil, peaking towards the hydrofoil tip region.
Turbulence generation, in part, is a function of the shear stress
associated with velocity gradients. Along the hydrofoil, andre to hydrofoil tip. The simulations are conducted at a TSR of 3.67, a ﬂow speed of 0.8 m/
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with respect to the free stream velocity. This in turn increases the
velocity gradient in the region of the hydrofoil, and thus the tur-
bulence generation rate.
3.4.3. Observations of the near wake region
The distribution of axial velocity magnitude and turbulence
intensity in the region behind the rotor is a time averaged
approximation of real ﬂow phenomena. The results in Fig. 11
highlight two main characteristics of interest when comparing
the velocity ﬁelds. The ﬁrst is the velocity deﬁcit and second is the
wake boundary velocity gradient. The results in Fig. 11 show the
velocity deﬁcit in the revised BEM-CFD method is greater than
observed in the original and Prandtl tip loss methods. The PrandtlFig. 11. A comparison of the three numerical models studied in this work. Axial velocity (U
white at the centre of the images. The simulations are conducted at a TSR of 3.67, a ﬂow spee
original BEM-CFD model, the middle images are of the BEM-CFD model with Prandtl tip los
Lifting Line Theory.tip loss method shows the smallest deﬁcit in the near wake region.
The rate of change of velocity magnitude at the wake edge is
smaller in the Prandtl tip loss method, and greatest in the revised
method.
These characteristics support the results observed for the near
wake turbulence intensity in Fig. 12. The effects of the turbulence
distribution at the rotor plane shown in Fig. 10 can effectively be
seen propagating downstream. The increase in turbulence intensity
for the revised BEM-CFD method, particularly at the wake bound-
ary, has the effect of improving wake recovery. Figs. 13e15,
demonstrate the velocity deﬁcit in the wake from the revised BEM-
CFD correlates well, although very symmetric, with the experi-
mental results from Ref. [25]. It can be seen in Fig. 14 the velocity
deﬁcit distribution holds well with experiment, the greatestN) slices taken through the x-y plane at hub height. The rotor disc area is outlined in
d of 0.8 m/s, and background turbulence intensity is set at 3%. The top images are of the
s factor applied, and the bottom images are of the revised BEM-CFD utilising Prandtl's
Fig. 12. A comparison of the three numerical models studied in this work. Turbulence intensity (Ti) slices taken through the x-y plane at hub height. The rotor disc area is outlined
in white at the centre of the images. The simulations are conducted at a TSR of 3.67, a ﬂow speed of 0.8 m/s, and background turbulence intensity is set at 3%. The top images are of
the original BEM-CFD model, the middle images are of the BEM-CFD model with Prandtl tip loss factor applied, and the bottom images are of the revised BEM-CFD utilising Prandtl's
Lifting Line Theory.
M. Edmunds et al. / Renewable Energy 101 (2017) 67e8178deviation is close to the rotor at 1.2 diameters downstream. The
turbulence intensity comparisons in Fig. 15 show similar trends
with correlation improving further downstream.4. Conclusions
When compared to the experimental data published by
Ref. [25], the revised BEM-CFD method, described in Section 2.2,
shows a signiﬁcant improvement over previous BEM-CFD methods
when predicting power and thrust. The revised method also com-
pares favourably with the industry recognised BEMT method. Dif-
ferences in predictions are accounted for as a result of ﬂow
blockage effects captured by the BEM-CFD method.
Comparing the three BEM-CFD methods, a study of thedistribution of CP, CT, wake inclination angle, and turbulence in-
tensity along the radius of the disk averaged hydrofoils was con-
ducted. It is observed that the steady change in distribution along
the length of the disk averaged hydrofoils, compared with the
original BEM-CFD method, hold with the concept of a steadily
changing downwash angle increasing towards the hydrofoil tip. The
comparison also demonstrates that the Prandtl tip loss BEM-CFD
method doesn't correlate well with observations of experimental
results [25]. This is because the Prandtl tip loss BEM-CFD method
effectively reduces the momentum extracted from the local ﬂow
towards the hydrofoil tip, thus allowing the ﬂow to continue un-
affected by the rotor. This signiﬁcantly reduces the ﬂow inclination
exiting the rotor area, and has an additional effect of reducing the
velocity gradient at the wake boundary. This in turn affects the
Fig. 13. A comparison of numerical and experimental axial velocity slices taken at hub centre. Free stream velocity is 0.8 m/s, TSR is 3.67, and background turbulence intensity is set
at 3%. The top visualisation is Fig. 9a from Ref. [25]. Image courtesy of [25] © Renewable Energy. The lower visualisation is staged for direct comparison.
Fig. 14. A comparison of numerical and experimental axial velocity transects taken at hub height. Free stream velocity is 0.8 m/s, TSR is 3.67, and background turbulence intensity is
set at 3%. The velocity [u*], and width [y*] are normalised by diameter. Each graph compares experimental results with simulation results for a range of diameters downstream
[1.2,4.0,7.0,10.0].
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Fig. 15. A comparison of numerical and experimental turbulence intensity transects taken at hub height. Free stream velocity is 0.8 m/s, TSR is 3.67, and background turbulence
intensity is set at 3%. The width [y*] is normalised by diameter. Each graph compares experimental results with simulation results for a range of diameters downstream
[1.2,4.0,7.0,10.0].
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In previous work additional source terms are added to increase
thewake recovery rate [29]. However this may be unnecessarywith
the revised BEM-CFD model, due to the consequence/byproduct of
increased turbulence generation. The increase in turbulence in-
tensity in the rotor region, in particular at the wake boundary, will
increase the rate of momentum transfer into the downstreamwake
thus improving the recovery without additional empirical turbu-
lence source terms.
In summary, good correlation with experimental results for
power, thrust, and wake prediction, is observed using the revised
BEM-CFD model. This model also gives good correlation with the
industry recognised BEMT method for open hydrofoil horizontal
axis tidal turbines.5. Future work
The under prediction observed away from the optimumworking
range (mainly observed in the thrust curve for this geometry) is
likely due to a combination of the simpliﬁed lift distribution, i.e. an
ellipse, and sensitivity to Reynolds number related lift and drag. A
study into methods for better predicting the lift distribution would
beneﬁt this research, as would an investigation into the inﬂuence of
Reynolds number on lift and drag characteristics for a range of TSR
and ﬂow speed.
Wake characterisation and sensitivity to turbulence is anotherpotential topic of further research, which should include the effects
of device scaling, and larger than grid scale turbulence modelling.
Further investigations into wake recovery in the down stream re-
gion with the revised BEM-CFD method, in conjunction with
further investigations into which turbulence models best represent
this type of simulation method, should be conducted. This includes
investigations into the simulation of increased turbulence within a
ﬁxed domain such as a ﬂume.
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